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ABSTRACT

This study examined the oxide growth rate of 2-1/4 Cr

1 Mo steel in air under isothermal growth conditions. Two

oxidizing temperatures were used, 403 C and 499.C, for five
(0

specimens each with oxidizing times varying from s9ir hours
A

to 700 hours. Average oxide growth rate as a function of

time and temperature was found to be rate = 2.10 x 10-

exp whereas maximum oxide growth rate corresponds to

rate =4.SO x 10. exp These values were found to

be in general agreement with the limited data available in

the literature.

The second part of the experiment related to the measure-

ment of the strain required to crack the oxide. Discrete

surface strains were imparted to oxidized specimens via a

four-point-bend straining apparatus. The strained specimens

were optically scanned for cracks with a stereoscope micro-

scope capable of 70X magnification. A process of crack

decoration was employed to enhance crack visibility.

Because of certain equipment limitations, however, only an

upper limit of strain tolerance could be determined. Methods

of improving strain tolerance measurements are discussed.
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I. INTRODUCTION

A. BACKGROUND

In order to meet the electrical and energy needs of the

1980's, it will probably be necessary to draw power from

nuclear energy sources. With growing public concern about

nuclear reactors, it is of paramount importance that a proven,

environmentally safe, commercial breeder system 
be developed.

Conventional water-cooled reactors cannot meet the energy

requirements of the future because of their dependence upon

U23 5 uranium which comprises about .7% of uranium oxide

which itself is scarce and non-renewable. The remainder of

uranium oxide is essentially U238 of which there is currently

more than 250,000 tons stockpiled in the United States

alone [Ref. 1]. The technology exists in the form of a

Liquid Metal Fast Breeder Reactor (LMFBR) which can convert

the stockpiles of U23 8 uranium to a plutonium fuel and thus

produce more than 50 to 60 times the energy from the same

amount of uranium oxide that current light-water reactors

do. Such a reactor is scheduled to be built in the United

States near the Clinch River in Oak Ridge, Tennessee, and

has been officially designated the Clinch River Breeder

Reactor Plant (CRBRP). The CRBRP, however, will not be a

full-scale commercialized reactor plant but will be a scaled-

down prototype model used to assess the environmental impact

9
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of future breeder commercialization. A decision on commer-

cialization of LMFBR's in the United States will not be made

before 1986 by the Energy Research and Development

Administration (ERDA) until environmental impact and other

safety-related data are ascertained [Ref. 2].

One of the Department of Energy's major concerns with

regard to LMFBR commercialization is proper material selec-

tion. Unlike the light-water reactors currently in use,

LMFBR's will be cooled with pure sodium because of its high

thermal conductivity, high boiling point and because it does

not slow down the high energy neutrons needed for efficient

breeding of plutonium fuel. The peak sodium outlet tempera-

ture will be S3SC compared to only 343C in pressurized

water reactors. The heat generated during nuclear fission

is transferred by conduction to the sodium coolant along the

fuel rods. The primary sodium coolant loop couples to a

secondary sodium loop which transfers heat to a steam

generator which, in turn, supplies steam to a steam-driven

tu: .e. The primary-secondary sodium loop arrangement is

designed to ensure that radioactive and chemically active

sodium flowing through the core is isolated from the water

in the steam generators [Ref. 1]. The high operating

temperatures coupled with sodium's high thermal conductivity

and its potential, if mixed with water, to cause stress

corrosion cracking in most structural materials makes proper

10

k A~ew



material selection vital to the safe operation of LMFBR's.

For any material selected, it is essential that its mechanical

properties be well characterized to ensure fully safe

operation for the design life of the reactor -- some

210,000 hours [Ref. 3].

On the basis that 2-1/4 Cr - 1 Mo alloy steel is com-

patible with both liquid sodium and steam, and on the fact

that this material is accepted for both Section III (Nuclear)

and Section VIII (Pressure Vessel) applications of the ASME

Boiler and Pressure Vessel Code [Ref. 4], it was selected

as one of the reference materials for use in the prototype

steam generators at CRBRP [Ref. 3]. Although used for many

years in conventional steam boiler operations, there has

been little requirement to closely evaluate the high

temperature properties of 2-1/4 Cr - 1 Mo steel. In steam

boilers, the heat transfer across the fire/metal interface

is considerably less efficient than will be the heat transfer

across the liquid sodium/metal interface in LMFBR's. Because

of the relatively poor heat transfer in steam boilers, con-

servatively thick metal plate and tubing are used to counter-

act severe fireside corrosion without significantly reducing

the overall boiler efficiency. In LMFBR's, however, because

of the excellent heat transfer properties of liquid sodium,

such conservatism would significantly reduce the overall

design efficiency. Further, sodium is an innocuous enviornment

11
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as far as corrosion is concerned. For these reasons, 2-1/4 Cr

1 Mo steel in LMFBR's will be used close to its design limits.

This fact dictates that its high temperature properties be

accurately assessed.

One area of major concern is the high temperature fatigue

life of 2-1/4 Cr - I Mo steel. The efficient heat transfer

properties of liquid sodium will result in thermal gradients

in the steam generators which will product large thermally

induced stresses via thermal expansion and contraction.

Repeated application of these stresses caused by thermal

fluctuations in the system, combined with operating stresses,

leads to a combined fatigue and creep loading which interacts

synergistically to produce failure in a time much less than

that which would be predicted by a linear summation of the

fatigue and creep damage. This concern, therefore, has

prompted several studies over the last few years in an attempt

to mathematically quantify the high temperature fatigue

characteristics of 2-1/4 Cr - 1 Mo steel [Refs. 5 and 6].

These studies, however, although adding significantly to

the available knowledge of 2-1/4 Cr - 1 Mo steel, have not

been successful in producing adequate design correlations

which accurately predict fatigue failure of this alloy at

high temperatures [Ref. 7]. (Fatigue life is dependent upon

crack initiation and crack growth per cycle. For austenitic

steels, at least, both crack initiation and crack growth at

12



elevated temperatures are enhanced by grain boundary voids

formed by creep during unbalanced fatigue cycling resulting

in the creep-fatigue interaction, CFI (Ref. 8].)

Challenger, Miller and Brinkman [Ref. 9] attribute the

lack of success in obtaining adequate design correlations

for 2-1/4 Cr - 1 Mo steel to a general misunderstanding of

the CFI mechanism in this alloy. They note that 2-1/4 Cr

1 Mo steel in CFI testing often fails by transgranular crack

initiation and growth whereas, if creep damage alone were

responsible for reduced fatigue life at high testing tempera-

tures, that failure would occur by intergranular crack

initiation and growth. All studies recognize that hold

periods in the normal continuous cycle fatigue hysteresis

loop reduce the fatigue life of 2-1/4 Cr - 1 Mo steel at

elevated temperatures and attribute this to a loss in

interaction solid solution hardening (ISSH). ISSH is a

result of dynamic strain aging involving interaction

between molybdenum and carbon atoms, or atom clusters, with

dislocations prior to the precipitation of an eventually

stable metal carbide precipitate [Ref. 10]. Its effects on

the creep and rupture behavior of 2-1/4 Cr - 1 Mo steel have

been documented by Klueh (Ref. 11]. At the high tempera-

tures, precipitation is much faster, resulting in a loss of

dynamic strain aging effects. This fact alone, however, does

not account for the total decrease in fatigue life at high

temperatures.

13



Challenger et al. hypothesize that the reduction in

fatigue life with hold periods in the hysteresis loop is

enhanced more by an environment fatigue interaction than

by CFI. At the higher temperatures, oxidation takes place,

resulting in an oxide film on the metal surface. Fatigue

cycling results in cracks in the oxide which serve as

fatigue crack initiation sites, thereby reducing total

fatigue life which, as previously stated, is comprised of

cycles to initiate the crack and cycles for crack propagation.

Having more easily initiated crack sites (oxide cracks) there-

fore reduces total fatigue life. Further, the reduction in

fatigue life would be even greater for high-cycle fatigue

where a greater portion of the total cycles to failure is

spent in crack initiation. Hold periods in compression would

be more damaging than hold periods in tension because the

oxide would experience maximum tensile strain on cycle

completion and would crack perpendicular to the direction

of maximum tensile strain. (If formed during a tensile

hold period, the maximum tensile strain in the oxide on

subsequent compression would be vACT where v is Poisson's

ratio and AeT is the total strain range for the test. Any

resultant oxide cracks would be parallel to the compressive

strain direction; such axial cracks would not affect fatigue

crack initiation.) All the available literature on CFI

interaction analyzed by Challenger et al. substantiates their

14



hypothesis regarding environment-fatigue interaction. To

further justify their hypothesis, however, they had Oak Ridge

National Laboratory perform a zero-stress hold period test

at 5380 C following the maximum compressive strain. At zero

stress, the CFI mechanism would not be apparent (no creep

damage at zero stress). Yet fatigue life of the material

was still significantly reduced from the expected fatigue

life had it been continuously cycled. Only an environment

fatigue interaction can explain this result, thereby strongly

supporting their hypothesis [Ref. 10].

B. THESIS OBJECTIVE

In a second paper, Challenger and Miller formulated a

mathematical correlation to predict the effects of hold

periods on fatigue life at elevated temperatures for 2-1/4 Cr -

1 Mo steel based on environment fatigue interaction [Ref. 12].

Although their correlation proved to be more accurate than

other correlations (primarily CFI correlations) proposed to

account for reduced fatigue life under high temperature

fatigue cycle hold period conditions, they note that it is

based on several assumptions which require experimental

verification. The aspects which require additional experi-

mental verification are:

1. The total number of cycles to failure for low strain
range continuously cycled tests without any enhancement
due to ISSH.

2. Verification of the oxidation rate of 2-1/4 Cr -

1 Mo steel in air. (For their correlation, they used

15



data from a Nuclear Systems Material (NSM) Handbook
[Ref. 13] which describes the oxidation rate of
2-1/4 Cr 1 Mo in air in terms of metal loss, m,where

m =2.404 x 10-2 -14759 t/2S exp -- T ;
P

p - density of iron; R - gas constant; T - temperature
in K; and t - time in hours. From this expression,
they calculated oxide thickness, h, as a function of
time at temperature as

6.16 x 10 " exp -14759 1/2

where R = gas constant; T - K; t - time in hours.)

3. Verification of the relationship between oxide
thickness and fracture strain of the oxide. (For
their relationship they used Manning and Metcalfe's
relationship [Ref. 14],

f° > (T)l/

derived by comparing the energy required to generate
new surface by delamination, with the energy stored in
the oxide when strained, where ef = strain in the

oxide; y' = a parameter proportional to shear fracture
surface energy density, experimentally determined by
fitting spalling data to the criterion; E - the elastic
modulus of the oxide; and h = oxide thickness in meters.

4. The relationship between strain range and the number
of cycles required to initiate a fatigue crack in the
absence of oxide cracking. For correlation purposes,
they assumed that a crack in the oxide perpendicular
to the applied stress is considered to be identical
to a crack of similar dimensions in the metal itself.
In the absence of oxide cracking, crack initiation is
related to plastic strain and as such is influenced by
the slip character of the material. Without data on
2-1/4 Cr - 1 Mo steel, they used Mayia's relationship

N

[Ref. S] n for 304 stainless steel because of slip
f

character similarities and transgranular fatigue crack

16
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[

initiation. Nn - number of cycles to crack initiation;

Nf = number of cycles to failure.

S. The effect of hold period and wave form on fatigue
crack propagation rate. Combined tensile and com-
pressive hold periods had a greater detrimental effect
on fatigue life than compressive hold periods alone.
They, believe that once a crack has been initiated,
tensile hold periods hold the crack open for further
oxidation and enhance fatigue life reduction through
environmental interaction. If possible, this enhanced
crack growth rate and environmental interaction should
be quantified or at least verified.

The purpose of this thesis is to experimentally verify

the oxidation rate of 2-1/4 - 1 Mo steel in air and subse-

quently to verify the relationship between oxide thickness

and fracture strain of the oxide. It is hoped that this

will add in some small part to the United States Department

of Energy's eventual approval for commercialization of LMFBR's.

Further, and although not previously mentioned, problems are

being encountered in current power generation boilers where

super-heater and reheater tubes, many of which are made

from 2-1/4 Cr - 1 Mo steel, are experiencing scale blockages

because steam-side oxidation releases scales into the steam

circuit. Even where oxide scale release is not sufficient

to cause blockages, the introduction of oxide scale into

the steam circuit has been found to cause erosion of turbine

blades [Ref. 16]. Calculation of the strain tolerance of

the oxide which should decrease with increasing oxide

thickness (see Manning's relationship, page 16) and there-

fore operating time, and knowing oxide growth rates, should

17



prove beneficial in establishing periodic maintenance schedules

for de-scaling operations where the oxide could be chemically

removed before it spalls.
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II. EXPERIMENTAL PROCEDURE

A. GENERAL

The absence of standard experimental procedures for the

measurement of oxidation rates and oxide strain tolerance

testing necessitated the formulation of suitable evaluation

methods. To formulate these, the following was considered:

1. A literature search would have to be made to
determine expected oxide morphology as a function of

growing temperature. If the same oxide would form
at higher temperatures (above 535°C) as would be
formed at or below 535°C, and assuming that growth
rate was parabolic as would be expected in a diffusion
controlled process; then it would be preferred to
grow the oxide at higher temperatures because shorter
times for the same oxide thickness would be required.

2. Again assuming oxidation to be an Arrhenius
controlled process with solution of the form:

Rate = A exp (')

with A being a constant for the particular process;
AE the activation energy; R the gas constant; and
T the temperature in Kelvins; as would be expected in
a thermally activated (diffusion controlled) process,
then establishment of accurate temperature controls and
fluctuation limits would be important. (The solution
varies exponentially with temperature.) Further, to

find values for A and - a minimum of two growing

temperatures would be required as the solution would take
the form of

AE
ln Rate - ln A - T

wherein a plot of ln Rate versus would yield slope - -

3. In order to measure the subsequent strain to crack
the oxide, some combination of straining apparatus and

19



optical magnification system would be required. In this
regard, it would be preferred if the strain could be
applied in increments rather than dynamically as it would
take time to optically search the specimen for cracks
at various strain levels.

4. Prior to conducting the actual experiment, a trial
run should be conducted to verify the designed experi-
mental procedure and apparatus.

B. LITERATURE SEARCH FOR EXPECTED OXIDE MORPHOLOGY

Reviewing the literature to determine expected oxide

morphology of 2-1/4 Cr - 1 Mo steel oxidized in air as a

function of temperature proved to be frustrating as no

pertinent data could be found. All available literature

pertaining to the oxidation of 2-1/4 Cr - 1 Mo steel con-

cerned oxidation in a steam environment (Refs. 16 - 19].

Even this data was somewhat limited because, as noted by

Griess et al. [Ref. 19], there has been little incentive

to quantitatively determine corrosion rates of low alloy

steels in steam because when they are used in conventional

fossil-fired power plants, steam -side corrosion is insignifi-

cant when compared to fire-side corrosion. It has only been

in the last decade or so that much attention has been paid

to steam-side corrosion because of the scale blockage problems

being encountered in the super-heater and reheater tubes of

the modern generation boilers.

The above notwithstanding, the following facts led to the

decision not to use oxidizing temperatures greater than 5000C:

20



1. 2-1/4 Cr - 1 Mo steel oxidizes in steam to form a
duplex oxide scale with the inner layer consisting of
a mixed spinel containing alloying elements and some
of the iron (Fe, Cr) 304 and an outer layer of Fe3O4
(in scales removed from operational super-heaters
the outer layer contained limited amounts of the higher
oxide Fe203 but usually under laboratory conditions

little Fe2O3 formed due to low oxidation potentials)

[Ref. 14]. Each layer was approximately of equal
thickness and under isothermal growth conditions
generally remained adherent and free of cracks for growing
periods exceeding 4000 hours [Ref. 19].

2. Oxide morphologies representative of long-term
oxidation at lower temperatures can be grown by short-
term oxidation in steam at 650-7000 C; however, cracks due
to thermal mismatch alone (see below) were revealed on
oxides on a 9% Cr steel cooled from 6500 C [Ref. 14].

3. Aside from mechanically imposed strains, the strain
which leads to oxide cracking is generally caused by
thermal expansion coefficient mismatches between the
metal and the oxide on cooling.

cc = (T1 - T2 )(am - aU )

where cc is the cooling strain; (T1 - T2) is the

temperature drop; and am and a u are the expansion

coefficients of the metal and oxide. The thermal expansion
coefficients, however, depend on their lattice parameters
which are temperature-dependent. Thermal expansion
coefficient relations for iron and its oxides as a func-
tion of their lattice parameter at elevated temperatures
were determined by Gorten et al. [Ref. 20]. However,
for Fe304 they note that t-eir-lattice parameter

relationship is invalid between 500-700*C because of a
magnetic transformation at its Curie temperature of 588*C
which affects lattice size over the range indicated.

C. TEMPERATURE MEASUREMENT

1. Thermocouple Calibration

In order to be able to accurately measure tempera-

ture, the first requirement was for a calibrated thermocouple

21
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and temperature readout. A chromel-alumel thermocouple was

made and attached to a digital temperature reader. 99.999%

pure aluminum and 99.999% pure bismuth with melting tempera-

tures of 660.10 C and 271.49C, respectively, were used as

standards. These were melted and their respective freezing

points were measured using the prepared thermocouple and

reader. It was found that over this temperature range,

temperatures were measured 0.5% low. For all subsequent

temperature measurements, this correction factor was used.

2. Furnace Control

Three Hoskins electric furnaces, type F202C with a

heating box 9" (22.8 cm) deep, 5" (12.7 cm) wide, and 4-1/2"

(11.4 cm) high were wired and set at respective temperatures

of 350 0C, 4250C and 5300C. A thermocouple was inserted and

the digital readout was linked to a recorder to measure

temperature fluctuation. The furnaces showed a maximum

fluctuation over a 24-hour period of only ±20 C which was

considered satisfactory. Front-to-back temperature varia-

tion was then measured on one of the furnaces using a

suspended specimen sample with five thermocouples welded

directly on it as indicated in Figure 1. Front-to-back

temperature varied more than 30*C over the 5-1/2" (14 cm)

specimen length. This temperature variation would have

been too great for experimental purposes so use of the

Hoskins electric furnace was abandoned.

22



Temperature fluctuation and front-to-back temperature

variation were measured on three much bigger Linberg Hevi

Duty furnaces using the procedures described above. These

proved to be satisfactory for experimental purposes having

a maximum fluctuation of±2*C over a 24-hour period with a

variation of only 30 C over the 5-1/2" (14 cm) specimen

length. (The test specimen had been placed longitudinally

in the furnace with the deepest thermocouple located approxi-

mately 2" (5 cm) from the back wall.)

D. STRAINING APPARATUS

Figure 2 shows the straining apparatus which was designed

to impart measurable amounts of strain to the surface oxide

grown on specimens. The specimen when clamped to the bending

arms of the rig lies on the bearing axis. One pivot block

is mounted on ball bearings so that, when equal amounts of

weights are suspended from the bearing arms, the specimen

can assume its natural length while bending. Hence only a

pure bending moment is applied. Surface strain, or the

strain imparted to the oxide is calculated from the center

deflection of the specimen as follows:

(1) The maximum stress at the outermost fibers,

a max = M - Ee [Ref. 21] where M is the internal bending
I!

moment; I the moment of inertia of the section about the

neutral axis; E is the modulus of elasticity; e is the

surface strain; and c is the distance from the outermost

23
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h

fiber to the neutral axis (c = where h is the specimen

thickness).

(2) The linear equation relating the radius of curvature

R to the internal bending moment M is given by [Ref. 22]

1 M

(3) Combining (1) and (2) get

h

(4) R is found from the straining rig geometry as follows:

(See diagram in Figure 3.)

(a) The center portion of the specimen of length L

under uniform bending assumes radius R. From the relation-
e L

ship that L = Re [Ref. 29] get T 2R

(b) From geometric configuration, get

6 = R(l - cos L + Z sin L

(c) Assume small values of L and approximate to

R-

(d) Substitute into equation (3) to get

46h

= L (1 +

24
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In the actual experiment L- is not small because of the
experment2R

fact that the specimen used was only .030" (.762 mm) thick,

and a large deflection had to be imposed to get even rela-

tively small strains. To correct for the inaccuracy of

assuming small L actual strain as measured by a strain
2R

gauge was compared with measured S. See Table I for

correction factors.

E. EXPERIMENTAL TRIAL

1. Initial Trial

5-1/2" (14 cm) long, .030" (.762 mm) thick specimens

were used for the experimental trial run. They were surface

polished using 400-grit SiC paper; degreased with successive

washings in zylene, acetone and alcohol with each wash being

allowed to dry before the next wash was carried out; and

finally suspended in the Linberg furnaces at oxidation

temperatures of 474 0C and 322 0 C.

A specimen from the 474 0C furnace was removed after

22 hours, but the oxide spalled on air cooling. The spalled

scale was magnetic indicating that it was (Fe,Cr)304 or

(Fe304) or a combination of both. The cooling strain on

the oxide was calculated using the following relationships

derived by Gorten et al. [Ref. 20].

1 da0
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where ao(T) oxide = 8.3939 + 8.46 x 10 - T + 5.51 x 10 - T2

and AEC = (T1 - T 2 )(a m - o). See Table II for tabulated thermal

expansion coefficients.

The cooling strain is a summation of incremental

strains on cooling. For example,

(44-45)(t - ) + (450- 400)(c
(474 450)(0m474 0474 - (m 4 5 0  0450

+ (400 - 350)(at - 00 + etc.

This yielded ec =-.0001914 (a compression strain) which was

considered to be too low to have caused the spalling. It

was believed, therefore, that thermal shock resulting from

a temperature differential through the oxide thickness may

have caused the spalling. If so, this could be eliminated

by furnace cooling.

A second specimen was removed from the 474C furnace

after 337 hours oxidizing time and was quickly transferred

to another furnace wherein it was allowed to furnace cool.

Despite furnace cooling, however, the oxide still spalled.

It was assumed at this time that the spalling must have

resulted from cooling strains, the small calculated strain

notwithstanding. If this were true, then the strain to

crack the oxide could be calculated by watching samples

furnace cool from their oxidizing temperature to room

temperature and recording the temperature at which spalling
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occurred. Assuming this, new specimens were placed in

another furnace at 4940 C. It was thought that specimens

with longer oxidizing times would spall first on cooling,

and that others would spall at successively lower tempera-

tures. This did not prove to be true as none of the specimens

spalled, even though the expected oxide thicknesses bracketed

those of the 474*C specimen which had spalled.

The only procedural difference between the 474*C

specimens was in the degreasing procedure. In degreasing

the latter specimens, the successive applications of zylene,

acetone and alcohol had been rinsed off while wet. It was

concluded, therefore, that improper degreasing procedures

had led to the spalling of the 474 0C specimens. For future

experimental runs, degreasents were wiped dry.

2. Metallographic Mounting and Polishing Technique

Various mounting and polishing techniques were

tried to polish the oxide and to prevent oxide cracking

using the 322*C specimens which, despite improper degreasing

techniques, had not spalled. Additionally the 494*C specimens

were mounted and polished. These methods included nickel

plating (would not plate over thick oxide); mounting in a

metal clamp between two pieces of copper (could not prevent

edge rounding); mounting the specimen in various mounting

materials including bakelite, epoxy, plastimet and formvar

with subsequent hand sanding through 240 to 600 grit paper
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and/or six-micron diamond paste. No method proved satis-

factory as either edge rounding or more probably oxide

fracture caused by the specimen flexing in the mount in-

variably occurred. To preclude specimen flexing, thicker

specimens, .081" (2.057 mm) thick, were oxidized and the

various mounting and polishing techniques were again tried.

Although the tendency for the oxide to break from the mount

was significantly reduced, edge rounding still precluded

good resolution of the oxide layer. It was found though

that automatic polishing for several hours on the vibromet

following mounting in formvar and hand polishing with three-

micron diamond paste led to satisfactory oxide resolution.

This was the technique used for experimental verification

of oxide thickness. (Due to the non-availability of

sufficient .81" (2.057 mm) thick 2-1/4 Cr - 1 Mo steel, it

was necessary to still use the .030" (.762 mm) specimens

for bending tests. To ensure equal oxide growth, thick

and thin specimens were co-mounted prior to eventual

oxidation.)

3. Crack Decoration

Specimens from the 322 0C and 494*C trial runs were

bent in the straining apparatus and were microscopically

scanned at various intervals. The limited magnification

of the stereoscope microscope, however, (70X) did not reveal

oxide cracks before spalling occurred. Partially spalled
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samples were electrolytically plated with copper and were

rescanned. Cracks normal to the applied strain were now

revealed because of this crack decoration process. Such

crack decoration was used in the final experimental pro-

cedure. The plating solution had been prepared using 15 gms

of CuSO 4 dissolved in 100 ml of distilled water mixed with

5 ml of H SO in 100 ml of distilled water. The bath
2 4

potential used varied between one and three volts.

F. FINALIZED EXPERIMENTAL PROCEDURE

The revised experimental procedures were as follws:

1. 1" (2.54 cm) long, .081" (2.07 mm) thick specimens,
and 3" (7.62 cm) long, .030" thick specimens, were surface
polished using 400-grit paper; co-mounted; and degreased.

2. Co-mounted specimens were inserted into Linberg
Hevi-Duty furnaces at various times at growing tempera-
tures of 499*C and 401*C. See Table II for growing
times and specimen identification.

3. At the end of the oxidation period, the furnaces
were shut off and all specimens were allowed to
furnace cool.

4. The .081" (2.07 mm) thick specimens were sections
using the cut-off grinding wheel, mounted in formvar,
hand polished through 240 to 600-grit paper, further
hand polished in three-micron diamond paste using
kerosene as a lubricant, automatically polished with
a one-micron Al 0 solution on the Vibromet polisher

2 3
for up to 12 hours, and the respective oxide thicknesses
were microscopically determined at a magnification of
100OX.

5. The .030" (.762 mm) specimens were placed in the
straining apparatus and bent. The deflection was
measured with an extensometer calibrated to .001"
(25.4 mm). Following successive load applications,
the specimen surface was scanned optically for evidence
of cracks or spalling.
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III. EXPERIMENTAL RESULTS

A. OXIDE MORPHOLOGY

1. Macroscopic

After the specimens had been allowed to furnace

cool, they were removed from the furnace and examined. All

specimens were covered with a loosely adherent, reddish brown

oxide, assumed to be Fe2 03 . The Fe203 had a greasy con-

sistency and wiped off easily with cotton swabs. The

under layer was black and apparently tightly adherent.

No visual evidence of spalling of this underlying oxide

could be found on any of the specimens.

2. Microscopic

The thicker specimens of each run were sectioned,

mounted and polished, and examined microscopically at 100OX.

In all cases, the oxide from the 499°C specimens contained

cracks and/or voids and was delaminated from the metal sur-

face. The delamination occurred near the metal/oxide

interface but through the inner (FeCr)304 layer. (See

Figure 4.) All oxide damage was assumed to have resulted

from the polishing technique used as no apparent oxide

cracks could be found microscopically on the thinner un-

mounted specimens even using the crack decoration technique.

The oxide from the 4030C specimens for the most part adhered

to the metal substrate. (See Figure 5.)
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In all cases, there was a duplex oxide scale as

had been found in steam experiments. For the specimens

oxidized at 403 0 C, however, the two oxide layers were not

of equal thickness, the inner layer invariably being thicker.

(See Figure 5.)

B. OXIDE THICKNESS

Oxide thickness was determined microscopically at 100OX

by taking 20 measurements each at regular intervals and

averaging. Where the oxide had delaminated, the thickness

of the delaminated oxide was added to the thickness of the

residual oxide on the metal. Results are shown in Table IV.

Also shown are the maximum and minimum thicknesses of each

specimen.

C. STRAIN TOLERANCE

The oxidized thin specimens were mechanically strained

in the bending apparatus. L, the specimen length between

the clamps, was kept the same in all cases in order to use

the strain correction factors of Table I and was equal to

2-1/64" ±1/64" (5.12 cm ± .04 cm). Results are shown in

Table V.

For the 499°C specimens, with one exception (specimen

1-1), the surface in compression spalled off before any

visible cracks became apparent on the surface in tension.

Crack decoration, however, revealed that cracks perpendicular
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to the applied strain on the tensile side of the specimens

were present. (See Figure 6.) For specimen 1-1, however,

the outer oxide layer spalled in very localized areas at

almost the same time as the compressive surface layer

spalled. No prior cracking had been visible at 70X. Crack

decoration again revealed the presence of short cracks

perpencicular to the direction of maximum tensile strain.

The manner of spalling from the compressive surface

of the 499*C specimens was in all cases similar. The

oxide broke off in longitudinal pieces. (See Figure 7.)

Here the copper decorating technique has been used to

accentuate the spalled area. Despite decoration, however,

longitudinal cracks could not be found.

No cracks or spalling from any of the 403 0 C specimens

were observed even at the maximum applied strain of .84%.

Again, however, crack decoration revealed that the surface

in tension indeed had been cracked. (See Figure 8.) The

crack decoration technique caused the compressive surface

layer to spall longitudinally as had been previously observed.

It is a surprising result that the compressive surface

of the 403*C specimens did not spall whereas the compressive

surface of the 499*C specimens had. The total compressive

strain in the former specimens was greater than those of the

499*specimens.
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IV. DISCUSSION

A. OXIDE MORHPOLOGY

As noted in Section III.A.2, the 403*C specimens did not

form a dual oxide layer of equal thickness, but instead

formed a dual oxide layer with the inner layer (assumed to

be an (FeCr)3 04 spinel) being significantly larger than the

outer layer (assumed to be Fe3O4 ). There are two possible

hypotheses for this result:

1. In the 403 0 C specimens, a duplex layer of equal
thickness did in fact form; however, some of the
Fe3O 4 layer transformed to Fe203 . Assuming the

oxidation potential of air to be .2, such a reaction
is thermodynamically possible [Ref. 24]. Nothing,
however, could be found with regard to the kinetics
of the reaction. If this hypothesis were true, though,
it would be necessary that the transformation of Fe304

to Fe203 be favored at lower temperatures to account

for the different thickness ratios of the duplex layers
at the different oxidizing temperatures.

Results from oxidation in steam tend to support this
argument [Ref. 16], but it may result from higher ioni-
zation of the steam at higher temperatures and resultant
hydrogen dosing which would serve to decrease the
oxidation potential, making the transformation of Fe304

to Fe203 less favorable at higher temperatures due to the

lowering of the oxidation potential at elevated temperatures.

2. The different oxidizing temperatures produce a
different oxide morphology or perhaps damaged oxide
layers which dramatically influence diffusion through
the layers. (The fact that observed oxide growth rates
are inconsistent with diffusion coefficients and hence
activation energies of oxygen ion diffusion or iron ion
diffusion through stoichiometric FeO 4 will be discussed
later.) 3!
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Because, as will be borne out later, experimentally determined

total oxide thickness results compare favorably with the

limited results published in the literature, the second

hypothesis appears to be the more likely. If the first

hypothesis were invoked, it would be expected that the

experimental oxide thickness results for the 403 0 C specimens

would be less than other published reuslts as the thickness

of the Fe203 layer was not considered in this experiment.

B. GENERAL RATE SOLUTION BASED ON AVERAGE OXIDE THICKNESS

The rate of oxide growth was determined by dividing the

average oxide thickness of each specimen by the square root

of the oxidizing time. This is consistent with the assump-

tion of a parabolic growth rate. The average growth rate

for each temperature was then determined by summing the oxide

growth rates of each run and dividing by the number of

specimens in the run. This yields average growth rates

of 4.51990 x 10 m - s-/2 for the 499 0C (772.2 0 K) run and

1.3629 x 10-7  - 1- /2 for the 403 0 C (767.2 0 K) run.

Assuming an Arrhenius solution of the form

-aE
Rate - A exp - E

and taking the natural logorithm of both sides to get

ln Rate l ln A -- E 1) values of R and T (absolute) were

inserted to get the following two equations in two unknowns:
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(1) In 4.5199 x 10- 7 in A -S 72

(2) in 1.3629 x 10 7 . in A -S (

where S =AE

Solving simultaneously yields:

S - 6520

A = 2.10 x 0- .

Putting these values back into the Arrhenius form and taking

R - 1.986 gives the following rate equation for the oxida-

tion of 2-1/4 Cr - 1 Mo steel in air:

Rate = 2.10 x 10 exp -12950

Oxide thickness, h, therefore, is:

=-.0 -12950 1l/2
h 2.10 x 10 3 exp -1-9-- (t )

C. GENERAL RATE SOLUTION BASED ON MAXIMUM OXIDE THICKNESS

As indicated in Table IV, there ias a wide variation of

oxide thickness on each specimen. Assuming that the strain

to crack an oxide is a function of oxide thickness (see

Section I.B.3), then it may be beneficial to know the maximum

oxide growth rate. Using the same procedure as above, but
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with maximum oxide growth rates, gives the following relation-

ship as a function of time and temperature for the maximum

oxide thickness:

h 4.50 x 10 exp -13520 ( 1)•

D. VERIFICATION OF PARABOLIC GROWTH RATES

For the above calculations, growth rate of an oxide was

assumed to be parabolic. To verify this assumption, the

average oxide thickness of each specimen was plotted against

the square root of its respective oxidizing time. (See

Figure 9.) If the assumption is correct, such a plot should

yield a straight line fit which it did. Via the method of

linear regression using the Hewlett-Packard curve fitting

program, which applies a least-squares fit to the data, a

coefficient of determination of .99 was obtained for both

curves. This implies an excellent fit of the data to a

straight line and as such verifies that the oxide growth

rates are parabolic.

E. COMPARISON OF AVERAGE OXIDE GROWTH RATE TO PUBLISHED

LITERATURE DATA

To provide a comparison of the average experimentally

determined oxide thickness with published literature data,

Table IV was compared with data in the Nuclear Systems

Materials Handbook [Ref. 131. This handbook describes the

oxidation rate of 2-1/4 Cr - I Mo steel in air in terms of
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metal loss, m, as:

K t1/2

where K - a scaling constant in mg cm "2 hr -1 / 2 and t is

the oxidizing time in hours, and p = the density of 2-1/4 Cr -

3
1 Mo assumed to be 7.8 gm/cm . As noted by Challenger et al.

[Ref. 12], oxide thickness, h, resulting from a metal loss,

m, is approximately 2m. Therefore, oxide thickness, h, as

a function of K, p, and t is:

h = -K t/

p

Using the above relationship and the data of Table IV,

the average experimentally determined values of K based on

average oxide thicknesses were determined to be .176 and .0528

for 499°C and 403*C, respectively. These values were then

inserted on a plot of log K vs. 1000/T, OK-l published in

the NSM Handbook [Ref. 13] and reproduced in Figure 10 for

compacison purposes. As can be seen, the experimentally

determined values correspond favorably to the published data.

(The addition of these two data points, therefore, augments

the limited published literature data and should serve to

provide a better basis for the mathematical correlation of K
-14759

previously determined to be: K - 2404 exp -. 1475 where

T * temperautre in K and R - the gas constant, 1.986 cal/mole K.
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Further, the experimentally determined value of K at

403*C is of particular importance as it provides justifi-

cation for the extrapolation of published data to signifi-

cantly lower temperatures. Finally, as can be seen in

Figure 10, the correlation developed in this study is a

better fit to the data than the NSM Handbook correlation.

(See the dotted line.)

F. OXIDE GROWTH RATE CONTROL

The oxide growth rate should be controlled by (a) the

diffusion of oxygen ions through the oxygen sub-lattice,

(b) the diffusion of iron through the iron sub-lattice, or

(c) possibly by gaseous diffusion through the oxide. The

activation energy for diffusion of oxygen ions through

stoichiometric Fe304 has been experimentally determined to

be 17000 ± 1650 cal/mole [Ref. 30]. Further, the diffusion

coefficient of iron through stoichiometric Fe304 [Ref. 31]

has been found to be 4 x 10-17 cm /sec at 400*C and 5 x 10
-15

cm 2/sec at S00*C, giving an estimated activation energy of

50,000 cal/mole. The higher diffusion coefficient of iron

suggests that the growth of the Fe304 film, therefore, would

be controlled by the outward diffusion of iron rather than

the inward diffusion of oxygen ions.

However, from this work and from the results published

in Ref. 13, an activation energy of 12,000 to 15,000 cal/mole

was found to be more consistent with the actual oxide growth
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rate. From this, we can conclude that the oxide growth rate

is not controlled by stoichiometric diffusion of iron

through the iron sub-lattice as might be expected, but by

either non-stoichiometric diffusion or by gaseous diffusion.

More work should be conducted to determine the exact growth

mechanism.

G. STRAIN TOLERANCE

1. General

Trying to get accurate measurements of the strain

required to crack the oxide was difficult, if not impossible,

with the apparatus used. Although the straining apparatus

worked well, the use of the extensometer to measure the

deflection precluded simultaneous optical scanning of the

deflected specimen. The extensometer, therefore, had to be

removed after each successive load application so that the

specimen could be optically viewed for cracks. Removal of

the extensometer each time resulted in a slightly increased

deflection because it no longer forced down on the specimen.

When it was replaced, it would again reduce the deflection.

Although Table I accounts for the reduced deflection caused

by the extensometer, there is no way to say what effect, if

any, the specimen flexing may have had on the oxide.

Another, more serious problem with the apparatus

resulted from the large deflection of the specimen. The

extensometer range limit was only 1" (2.54 cm). To measure
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deflections greater than one inch, the extensometer had to

be repositioned by moving it up an inch. Although great

care was taken to make this repositioning as accurate as

possible, it introduced an additional source of experimental

error. This source of error could have been obviated if

either thicker specimens had been used or if a more versatile

extensometer had been available.

A third problem which precluded accurate determina-

tion of the strain to crack the oxide was the limited

optical magnification (max 70X) used to scan the surface.

With this low magnification, it was not possible to see

cracks without crack decoration. The crack decoration

technique, however, although revealing the presence of

cracks, proved to be damaging to the oxide. A case in

point is specimen 2-2. After removing this specimen from

the furnace, the crack decoration technique was tried to

see if any cooling cracks were present. Before any plating

on the surface could be observed, the oxide started to spall

off to reveal a plated metal substrate. Apparently plating

had been going on through possibly a porous oxide and this

subsequent plating caused the oxide to spall. Based on

this experience, it was decided not to try the crack decora-

tion technique until either some evidence of cracking was

apparent or until the maximum straining capability of the

straining apparatus was reached. (Crack decoratio would
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have been tried periodically had more than one specimen

from each oxidizing time and temperature been available.

Unfortunately, this was not considered soon enough.)

For the above reasons, the experimentally observed strains

to crack the oxide as tabulated in Table V represent only

one upper limit to the actual required strain.

2. Strain Tolerance in Compression

Manning showed that an oxide will fail in compression

when the total stored strain energy in the oxide per unit

area is greater than the shear fracture surface energy of the

oxide per unit area [Ref. 17], i.e., when hEe 2 > y' where

h = oxide thickness, E = Young's Modulus of the oxide,

e = the total oxide strain and y' = some constant proportional

to the interfacial surface energy density. The total strain

to cause oxide spalling in compression, therefore, was

derived to be

> (H)l/2

Theoretically, therefore, thicker oxides should fail in

compression at a lower strain than thinner oxides. The

fact that all the 499*C specimens spalled from the compressive

surface on bending whereas even the thicker oxides from the

403 0C specimens did not even at greater applied strains seems

contrary at Manning's relationship. The result is even more

surprising when residual thermal expansion strains in the two
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oxide surfaces are considered. The 403 0C specimens have a

greater residual compressive strain at room temperature than

do the 499*C specimens.

There are three possible explanations for this apparent

inconsistency:

a. The morphology of the oxide growth at 499 0C is
different than that grown at 403 0 C. Compare Figures 4
and 5. In Figure 4, the 499*C specimen, the oxide is
already delaminated at the surface whereas in Figure 5,
the 403°C specimen, it is not. The earlier assumption
that specimen preparation had caused this oxide damage
may not be correct. If the delamination of the higher
temperature oxide existed prior to bending, it may well
have been expected to spall before the lower temperature
oxide which had not delaminated. What may have caused
this prior delamination behavior is not known.

b. The calculation of the residual cooling strains is
incorrect. To calculate the thermal strain, only the
strain between the metal substrate and an Fe304 oxide

layer was considered. In this regard, and in the absence
of any data on thermal expansion coefficients for the
(Fe,Cr)304 oxide layer, it was assumed that the spinel

layer would have the same thermal expansion coefficients
as the Fe203 layer. Further, any strain caused by the

Fe203 layer was not considered because it was so non-
adherent and wiped off easily. Thermal stresses in a
three- or multi-layered oxide would be different than
those in a two-layered oxide [Ref. 26]. (See Appendix A
for amplification.)
c. There are some phase transformation strains caused

by the transformation of some of the Fe304 oxide to the

Fe203. If, as hypothesized in paragraph A.1 of this

section, the formation of Fe 203 from Fe304 is favored
at lower temperatures given the same oxidizing environment,
then the total transformation strain in the lower tempera-
ture oxide would be greater in magnitude than that of
the higher temperature oxide. To decrease the propensity
for spalling in compression, however, this transformation
strain would have to be tensile in nature. This, however,
goes contrary to the literature [Ref. 16] in that increased
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amounts of Fe203 tend to enhance the tendency for

spalling.

Irrespective of the reason for the lack of compressive

spalling from the 403 0 C specimens, the compressive spalling

data from the 499°C specimens tends to support the theory

that compressive spalling is a function of oxide thickness.

With the exception of specimen 1-3, the total compressive

strain to cause spalling decreases with increasing oxide

thickness. The non-supportive compressive strain value for

specimen 1-3 could well be a function of the inaccuracy in

measuring 6. More data points, however, would be preferred

to support any conclusive arguments in this regard.

3. Strain Tolerance in Tension

If the oxide is strained in tension, it cracks normal

to the applied strain. (See Figures 6 and 8.) Fractures in

tension occur at a certain strain caused by the extension

through the scale of cracks originating from surface defects

in the layer. When the flaw size is small compared with oxide

thickness, the fracture equation for the propagation of an

edge crack in simple tension is [Ref. 20]:

KIc = 1.12 E c AI

This, coupled with the Griffith crack theory [Ref. 28] where:

2
KIc 2 - 2yE
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gives 2y = (1.12) 7rEec c

2
or y z 2E cc C

where e c is the critical strain; y = the fracture surface

energy density; E a the elastic modulus of the oxide; and

c is the depth of the initiating flaw.

The above represents a theoretical relationship

for oxide cracking, but it is interesting to note that the

critical strain to cause cracking is not a function of

oxide thickness unless c, the flaw size, is somehow dependent

upon oxide thickness. Clearly, c cannot exceed oxide

thickness, but for thick oxides, there is no reason to

suspect that c should have any direct relationship to the

oxide thickness.

It seems more logical that the depth of an originating

flaw would depend more on oxide morphology than on oxide

thickness. If, for example, c depended upon oxide grain

size and assuming oxide grain size to be a function of

nucleation and growth which are temperature dependent, then

there would be an oxide formation temperature where 
the

strain to crack the oxide would be minimal because of in-

creased grain size.
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To verify the above hypothesis would require a 
much

more elaborate straining and optical viewing system 
than

was available in this experiment. Such a system would

have to be capable of determining the actual onset 
of cracking

at more accurately determined strains. Further, in order

to determine oxide grain size, better metallographic 
tech-

niques will have to be employed. Such techniques would prob-

ably have to entail electrochemical polishing and/or oxide

etching.
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V. CONCLUSIONS

1. 2-1/4 Cr- 1 Mo steel oxidizes in air to form a

three-layered oxide with the outer layer consisting of Fe 2 03 ,

the middle layer of Fe3O4 , and the inner layer a mixed spinel

of (Fe,Cr)304 .

2. The average oxide thickness of 2-1/4 Cr - 1 Mo steel

oxidized in air can be determined from the following relation-

ship:

hCmeters) = 2.10 x 10-12950 (thrs))• RT"

3. The maximum oxide thickness of 2-1/4 Cr - 1 Mo

steel oxidized in air is given by:

h - 4.50 x 10-3 exp -13520 (t)1/2

4. Oxide growth rate is not controlled by the stoichio-

metric diffusion of iron through the iron sub-lattice as

would be expected.

S. The determination of the exact strain tolerance of

the oxide will require significantly higher optical magnifi-

cation than 70X to determine the onset of cracking.
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VI. RECOMMENDATIONS FOR FUTURE WORK

1. The straining apparatus should be modified so that

the deflection need not be measured by an extensometer. In

this regard, it is recommended that an engineer's gauge be

affixed to the side of the bending apparatus instead of

using the extensometer.

2. Thicker bending specimens should be used which will

reduce the amount of deflection required to impart the same

surface strain. With smaller deflections, strain can be

calculated more accurately.

3. Further experimentation is required to determine the

tensile strain tolerance of the oxide. In this regard, more

than one bending specimen should be oxidized at each time and

temperature to allow for periodic use of the crack decoration

technique which proved to be somewhat damaging to the specimen.

4. Separate experiments should be conducted to deter-

mine oxide morphology as a function of oxidizing temperature.

Such experimentation should try to determine whether oxide

delamination is caused by growth conditions or specimen

preparation. Further, and assuming that accurate oxide

strain tolerances can be determined, knowledge of oxide

morphology may lead to a better understanding of oxide

cracking in tension. This should also serve to define the

oxide growth mechanism.
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APPENDIX A

THEORETICAL CALCULATION OF THERMAL STRESSES

IN A MULTI-LAYERED OXIDE

Three assumptions are required:

1. Materials are isotropic and linear.

2. Top layers are thin enough so that no flexure
occurs.

3. There is a uniform temperature change, T, from
unstressed state.

For any layer:

1 - V.
ei ex = £Yi E I ai + =iA T1i1

Also ai M axi  ayi  and az i - 0

To maintain geometric compatibility:

el £3 = = . (2)

Combine (1) and (2) to get

E.
a. E i (e a iT).

1 v 1
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Equilibrium requires that:

fodz - 0

i=3 h.E.
or + - aiT) = 0

i E

1 - E AT (3)

T - v .1

From (3) the strain in a three-layer oxide would be:
hlEll h2Ect hE3ct

h 1aI + h 2 2 2 i h eE3

CiI = AT [ hE h 2  h E3

- + +

.- v I v2  - 3

AT (h 1 E 1 a 1 )(1-v 2 )(1-V 3 )+h 2E 2  (-v)(-v 3 ) +hE 3a3(1-v)(1-v2 )

hlIl(-V 2 (l-v 3 +h 2 E2 (I-Vl-V 3 )+h 3 h3 (-v I)1-V2 ) ]

Simply by assuming vI = v 2 
= v3 to get

hlElc*1 + h2E2ct2 + h3E3ct5

E AT [h IE + h2E 2 + h3E3 ] 3 (4)
hl 1 E1 +_h2E 2 + h3kz3
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Similarly the strain in a two-layer oxide would be:

-T h1Ela I + h2E2a2 ]
E T [ (5)

h1 E1  + h2E2

To get the difference in stress in any oxide layer, say the

second layer, for example, substitute equations (4) and (5)

into equation (3) and subtract:

E AT hlEla + h2E Ot + h3E a
(a2)111 2 1 1 1 2h2E 2  + 3 3

= _ [ h Er + h E hi E2 1 1 2 2 3 3

SE2 AT hlEla 1 + h2E2 2  a(02)1i l~2 hie1I 1 h2 22-

r_ hE + hll h 2  22 1 1 2 2

E2 AT h1 E1 a1 +h2 E2 a2 +h3 E3 a3(02)111 - ('2)11 = [( h 1I + h2E 2  + 'n 3 3

hlEa I + h2Ea.- 1hE11 + h 2E2 ] (6)

Deenin on vaue of h h

Depending on values of h , h'2 h3 , the oxide layer thicknesses;

El, E 2 E3, the elastic moduli of the various oxide layers; and

on a1 , a2, a3, the thermal expansion coefficients of the oxide

layers, equation (6) may yield either additional tensile or

compressive stresses.

so
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TABLE II

THERMAL EXPANSION COEFFICIENTS USED FOR

CALCULATION OF MISMATCH STRAINS

ca Fe304  ai 2-1/4 Cr - M Mo ca Fe2 03

50 10.72 x 10-6 11.82 x 10 - 6  10.96

100 11.38 x 10-6 12.44 x 10-6  11.14

150 12.03 x I0-6 13.00 x i0 6  11.22

200 12.68 x 10-6  13.50 x 10- 6 11.45

250 13.33 x I0 - 6  13.95 x i0-6  11.55

300 13.97 x 10-6 14.35 x 10- 6  11.82

3S0 14.62 x 10-6 14.68 x 10-6 11.90

400 15.26 x 10-6 14.96 x 10-6 12.15

450 15.9 x i06 15.18 x I0 6  12.23

500 16.54 x 10-6 15.34 x i0-6  12.45

(1) Coefficients for a Fe304 from Gorten relationship

1 da T

qhwew a (T) = 8.3939 + 8.46 x 10-T + 5.52 x 10-T 2.

(2) Coefficient for c 2-1/4 Cr - 1 Mo from Ref. 29 where

c x 10 6 = 11.1392 + 1.41098 x 10 2 (T) - 1.141258 x 10 5 T2 .

(3) Coefficient for a Fe203 from Gorten where ao  5.0298

+ 5.30 x 10-T + 1.12 x 10-T
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1. Length of Specimen = 5-1/2".

Figure 1: Suspended Specimen Sample Used for Furnace Variation

Determination.
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Figure 2: Straining Apparatus and Strain Indicator.
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TEST SPECIMEN

Figure 3: Geometry of Straining Apparatus
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Specimen 1-1 1000X

White area is metal substrate. Dark gray
layer is (FeCr)304 spinel. Light gray area

is FeeO4. Cloudy area above oxide layer is

residual Fe 203. Note oxide delamination

with break through the (FeCr)304 layer.

Figure 4: Oxide Delamination 499 0 C Specimen.
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Specimen 2-3 lO00X

Lower white area is metal substrate. Upper
white area is surface of retension clamp.
Gray layer in center is oxide. Note absence
of delamination.

Figure 5: Oxide Layer 403*C Specimen.

60



Specimen 1-2 O00OX

Cracks normal to applied strain.

Figure_6_L _ Tens ile Surface Cracking

Spalling from compressive surface.

Figure 7: Compressive Surface Spalling.
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Specimen 2-1 lO00OX

Cracks normal to applied strain.

Figure 8: Tensile Surface Cracking.
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Figure 10. Comparison of Experimentally Determined Rate
Constants with Published Data.
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